10. Passage of particles through matter 1257

Figure 10.12: The momentum distribution of 1 TeV/c muons after traversing 3 m of iron, as obtained with Van Ginniken’s TRAMU muon transport code [48].

10.10. Čerenkov and transition radiation [4,51,52]

A charged particle radiates if its velocity is greater than the local phase velocity of light (Čerenkov radiation) or if it crosses suddenly from one medium to another with different optical properties (transition radiation). Neither process is important for energy loss, but both are used in high-energy physics detectors.

Čerenkov Radiation. The half-angle θc of the Čerenkov cone for a particle with velocity βc in a medium with index of refraction n is

θc = arccos(1/nβ) ≈ √ 2(1 − 1/nβ) for small θc, e.g. in gases. (10.29)

The threshold velocity βt is 1/n, and γt = 1/(1 − β2t )1/2. Therefore, βtγt = 1/(2δ + δ2)1/2, where δ = n − 1. Values of δ for various commonly used gases are given as a function of pressure and wavelength in Ref. 53. For values at atmospheric pressure, see Table 6.1. Data for other commonly used materials are given in Ref. 54.

The number of photons produced per unit path length of a particle with charge ze and per unit energy interval of the photons is d2N dEdx = αz2 h̄c sin2 θc = α2z2 re mec2 ( 1 − 1 β2n2(E) )

≈ 370 sin2 θc(E) eV�1cm�1 (z = 1) , (10.30)

or, equivalently, d2N dxdλ = 2παz2 λ2 ( 1 − 1 β2n2(λ) ) . (10.31)

The index of refraction is a function of photon energy E, as is the sensitivity of the transducer used to detect the light. For practical use, Eq. (10.30) must be multiplied by the the transducer response function and integrated over the region for which β n(E) > 1. Further details are given in the discussion of Čerenkov detectors in the Detectors section (Sec. 12 of this Review).

Transition Radiation. The energy radiated when a particle with charge ze crosses the boundary between vacuum and a medium with plasma frequency ωp is I = αz2γh̄ωp/3 , (10.32) where h̄ωp = √ 4πNer3e mec2/α = √ 4πNea31 2 × 13.6 eV . (10.33)

Here Ne is the electron density in the medium, re is the classical electron radius, and a1 is the Bohr radius. For styrene and similar materials, √ 4πNea31 ≈ 0.8, so that h̄ωp ≈ 20 eV. The typical emission angle is 1/γ.

The radiation spectrum is logarithmically divergent at low energies and decreases rapidly for h̄ω/γh̄ωp > 1. About half the energy is emitted in the range 0.1 ≤ h̄ω/γh̄ωp ≤ 1. For a particle with γ = 103, the radiated photons are in the soft x-ray range 2 to 20 eV. The γ dependence of the emitted energy thus comes from the hardening of the spectrum rather than from an increased quantum yield. For a typical radiated photon energy of γh̄ωp/4, the quantum yield is Nγ ≈ 1 2 αz2γh̄ωp 3 /γh̄ωp 4 ≈ 23 αz2 ≈ 0.5% × z2 . (10.34)

More precisely, the number of photons with energy h̄ω > h̄ω0 is given by [55] Nγ (h̄ω > h̄ω0) = αz2 π [( ln γh̄ωp h̄ω0 − 1 )2 + π2 12 ] , (10.35)

within corrections of order (h̄ω0/γh̄ωp)2. The number of photons above a fixed energy h̄ω0 ≪ γh̄ωp thus grows as (ln γ)2, but the number above a fixed fraction of γh̄ωp (as in the example above) is constant. For example, for h̄ω > γh̄ωp/10, Nγ = 2.519 αz2/π = 0.59% × z2.

The yield can be increased by using a stack of plastic foils with gaps between. However, interference can be important, and the soft x rays are readily absorbed in the foils. The first problem can be overcome by choosing thicknesses and spacings large compared to the “formation length” D = γc/ωp, which in practical situations is tens of μm. Other practical problems are discussed in Sec. 12.

References:

1. B. Rossi, High Energy Particles, Prentice-Hall, Inc., Englewood Cliffs, NJ, 1952.

2. U. Fano, Ann. Rev. Nucl. Sci. 13, 1 (1963).

3. W. H. Barkas and M. J. Berger, Tables of Energy Losses and Ranges of Heavy Charged Particles, NASA-SP-3013 (1964).

4. J.D. Jackson, Classical Electrodynamics, 2nd edition, (John Wiley & Sons, New York, 1975).

5. “Stopping Powers and Ranges for Protons and Alpha Particles,” ICRU Report No. 41 (1993).

6. J. D. Jackson, “Effect of Form Factor on dE/dx from Close Collisions,” Particle Data Group Note PDG-93-04 (19 October 1993) (unpublished).

7. ICRU Report 37, “Stopping Powers for Electrons and Positrons,” International Commission on Radiation Units and Measurements, Washington, DC (1984).

8. W.R. Nelson, H. Hirayama, and D.W.O. Rogers, “The EGS4 Code System,” SLAC-265, Stanford Linear Accelerator Center (Dec. 1985).

9. A. Crispin and G.N. Fowler, Rev. Mod. Phys. 42, 290 (1970). 10. R. M. Sternheimer and R. F. Peierls, Phys. Rev. B3, 3681–3692 (1971).

11. S. M. Seltzer and M. J. Berger, Int. J. Appl. Radiat. 33, 1189–1218 (1982).

12. S. M. Seltzer and M. J. Berger, Int. J. Appl. Radiat. 35, 665–676 (1984). This paper corrects and extends the results of Ref. 11.

13. R.M. Sternheimer, S.M. Seltzer, and M.J. Berger, “The Density Effect for the Ionization Loss of Charged Particles in Various Substances,” Atomic Data & Nucl. Data Tables 30, 261 (1984).

14. Low-velocity energy loss has been extensively treated by J.F. Ziegler and his collaborators; see e.g. J.F. Ziegler, Jp.P. Biersac, and U. Littmark, The Stopping and Range of Ions in Solids, Pergamon Press 1985, and references therein.

15. D.J. Ficenec et al., Phys. Rev. D36, 311 (1987).